F o r most people, to a type experience touch refers o f they have when their hands move over an object's surface, such as the glossy cover of this issue of the American Psychologist, or when an object contacts their skin, such as a fly alighting on a bare arm in the summertime. There is a form of touch, however, that is perhaps much more commonplace than either of the two forms just mentioned but that usually goes unnoticed. It is functioning whenever people take hold of something and move it in some fashion (see the left side of Figure  1 ). For example, it is functioning when one lifts a cup, turns a door handle, carries a briefcase, stacks a plate, hefts a ball, wields a stick, and so on. Here is a specific example. Firmly grasp a pencil at its nonpointed end between your thumb and index finger (as shown in the right side of Figure 1 ) and wield it simply by motions of the hand about the wrist joint with your eyes closed. Now grasp a small book at one of its comers in the same manner and wield it similarly. Even though your grasp in each case is in contact with only a part of the object, you have (nonvisual) impressions of its spatial dimensions (how long is the pencil? how wide is the book?), with distinctly different impressions for the pencil and the book. Also, you have a good impression of how the object is oriented relative to your hand (e.g., whether the pencil is perpendicular to the finger and thumb or at an inclination) and how your hand is positioned relative to the object (e.g., whether the pencil is held at its middle or at one end). The kind of touch exhibited in these cases is referred to as "dynamic touch" (by Gibson, 1966) or "kinesthetic touch" (by Loomis & Lederman, 1986) . What sets dynamic or kinesthetic touch apart from other forms of touch is the prominent contribution of muscular effort and its sensory consequences. As a grasped object is wielded, the receptors that interpenetrate muscular and tendinous tissues are mechanically stimulated. These mechanoreceptors, as they are called, respond to the stretching, compressing, twisting, and bending of muscles and tendons. Their collective response to the changing flux of mechanical energy is the primary (although not the exclusive) neural basis of dynamic touch. Recently, my colleagues and I have been conducting experiments directed at the following question: What mechanical quantities are present during the wielding of an object that constrain the mass action of the mechanoreceptors and one's perceptions of the object? As you shall see, the answer is closely tied to the fact that the movements of one's limbs are basically rotational. The spatial capabilities of dynamic touch result from the sensitivity of the body's tissues to certain quantities of rotational dynamics about a fixed point that do not vary with changes in the rotational forces (torques) and motions. This detection of physical invariants by the nervous system has important implications for the theory of perception and for the understanding of how, in the use of tools and implements, the role of muscles as measuring instruments relates to their role as producers of movements.
Visible to the participant on the other side of the screen is a planar surface perpendicular to the participant's line of sight that can be moved (mechanically or electronically) by hand or foot controls toward or away from the participant over a distance of nearly 2.5 m. As the participant wields the rod, he or she attempts to position the visible planar surface to coincide with the felt position of the far end of the rod. The participant can take as long as needed to make the judgment (which is, essentially, a variant of the magnitude production task made popular by the influential psychophysical studies conducted by S. S. Stevens at Harvard University in the 1950s). A number of rods of different lengths make up the set of rods the participant must judge, and the participant has no foreknowledge of their range. In Solomon and Turvey's first experiment, the rods were aluminum and ranged in length from approximately 0.33 to 1.25 m in increments of approximately 15 cm. Perceived length was essentially a linear function of actual length. The intercept was approximately zero, and longer lengths tended to be underestimated. Despite having no prior knowledge of the lengths used, and despite the opportunity to place the report board at any distance from 0 to 2.5 m, participants' responses tracked rod lengths within their actual range.
The question that Solomon and Turvey (1988) then asked was what was this length perception a function of? The question must be raised because length itself cannot affect dynamic touch--only mechanical forces can do that. Given that the act of wielding is rotational, the mechanical forces at play during a participant's efforts to perceive rod length are torques. It seemed unlikely to Solomon and Turvey, however , that a participant's perception of length could be a function of torque. Participants wielded in a nonstereotypic manner. Both within
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Note. A typical experimental arrangement consists of a person wielding a rod behind a screen and attempting to position a visible board at the distance of the rod's tip IPanel a). Solomon and Turvey's (1988) initial experiments showed that, with rods of uniform density, participants' nonvisual perception of rod length approximated actual length (Panel b). As a general rule, the scaling of extents perceived by dynamic touch to actual extents is neither absolute nor relative. An absolute scaling would mean a perfect match, which rarely occurs. A relative scaling would mean that perceived extents order as actual extents but with the perceived values arbitrarily related to the actual values---on outcome that tends not to occur. As Bingham (1993) noted, when porticipents can provide judgments that are within a marginal tolerance of the actual values, it must be assumed that there is information available that is more definite than the information supporting relative scaling. He called this type of scaling--the type that seems to characterize perception by dynamic touch--"definite."
and across trials, participants varied between the extremes of fast and vigorous wielding and slow and languid wielding, with no obvious correlations between how they wielded, the length of the rod they were wielding, and their perceptions of that length. You can get a good feel for the independence of perceived length from torque by simply wielding a pencil or a small book again, but this time do so with marked contrasts in the twisting forces you impart to the object. The felt length of the pencil or book does not seem to expand and contract, respectively, as a consequence of more or less torque. To verify this impression of an independence from torque, Solomon and Turvey conducted an experiment in which the frequency of wielding was systematically manipulated over a constant amplitude of wielding, thereby bringing about systematic variations in average angular acceleration for the same rod. Perceived length was unchanged. Another way to manipulate torque is through the planes of wielding. In a strictly vertical plane, gravity aids and opposes the motion in different phases; in a strictly horizontal plane, gravity's contribution is uniform throughout the motion. The difference in the contribution of gravity means a difference in the patterns of torques needed to produce the controlled rotational motion of the handheld object. Solomon, Turvey, and Burton (1989b) conducted experiments in which the form of the dependency of perceived length on actual length was identical for vertical and horizontal wielding.
Rotational Inertia Is Invariant
Inclined as Solomon and Turvey (1988) were toward the perceptual theory of the late James J. Gibson (1966 Gibson ( , 1979 , they assumed that length perception by dynamic touch was a function of a mechanical quantity that, unlike torque, did not ordinarily change within an act of wielding or across acts of wielding. The cornerstone of Gibson's theory is that, for any perceptual system, the perception of a given environmental property is a function of an invariant of the energy flux ambient to the system, where the invariant relates lawfully to the property. Both the environmental property and the perceiver's exploratory behavior determine the energy flux (e.g., the handheld object and how it is wielded determine the flux of mechanical energy impressed upon the tissues of the hand and arm). Gibson's (1966 Gibson's ( , 1979 emphases on invariants and on perception as lawful are at odds with the traditional emphases in perceptual theory on circumstancedependent cues (hints or guides) and on perception as inference.
What is the invariant underlying perceived length? Solomon and Turvey (1988) thought that the most likely candidate would be moment of inertia. Whereas mass is an object's resistance to being displaced, moment of inertia is an object's resistance to being turned--its rotational inertia (see Figure 3) . Sensitivity of dynamic touch to moment of inertia was first shown explicitly by Kreifeldt and Chuang (1979) , but it was implied in research reported more than a decade earlier by Knowles and Sheridan (1966) . Solomon and Turvey tested the moment of inertia hypothesis of nonvisible length perception in two fundamental ways: by varying the distribution of mass for a fixed rotation point and by varying the rotation
Figure 3
Moment of Inertia
Note. A batboy handing a baseball bat to a batter grasps the bat at its thicker end. The batter takes hold of the bat at its thinner end, the handle. The bat provides less resistance to a change in the rate at which it is turned or swung about the perpendicular y-axis at the hand of the bat boy than about the corresponding perpendicular y-axis at the hand of the batter (Panel a). This is because more of the mass (m) of the bat is concentrated closer to the botboy's point of grasp than to the batter's point of grasp (Panel b) . The measure of an object's resistance to a change in its rotational motion is termed moment of inertia (I), a measure that takes into account both the moss of the object and how that moss is distributed relative to the rotation axis. Basically, the measure I is obtained by multiplying the mass of each component mass particle (e.g., A, B, and C) by the square of its distance (r) from the rotation axis and then summing across all the component mass particles. Not only is this sum smaller with respect to the botboy's y-axis, but for both the batboy and the batter, this sum is smaller with respect to the longitudinal or z-axis and for the same reason--the mass of the bat tends to be concentrated more closely to the z-axis than to the y-axis and the x-axis. From the batter's viewpoint, Newton's second low in rotational form means that when he or she swings the bat, the torques generated through muscular effort will be proportional to the product of the bat's moment of inertia and the rate at which the bat's rotational speed changes. As will become apparent, the moments of inertia, and other quantifiers of an object's resistance to rotational acceleration, are decisive in perceiving object properties by wielding, the most prominent form of dynamic touching.
point for a fixed distribution of mass. The significance of this latter manipulation is that the moment of inertia decreases as the rotation axis gets closer to the center of mass. The first test was made by simply attaching a metal ring to a rod at one of three different distances from the end of the rod in the hand and, therefore, from the rotation axis in the wrist. In agreement with the hypothesis, perceived length was greater when the metal ring was farther from the hand. The second test was made by simply having the participant grasp a rod at different places along its length. In agreement with the hypothesis, perceived length was greater when the rotation axis of wielding was farther from the rod's center. The mappings of many perceived lengths onto one actual rod length resuiting from these manipulations of mass distribution and rotation axis were actually one-to-one mappings of perceived length onto moment of inertia (see Figure 4) .
In the original experiments that I just described, it was sufficient to adopt a narrow perspective on rotational inertia, equating it with the resistance about one axis of rotation. It is obvious, however, that wielding is generally three-dimensional, taking place about three axes. Referring to the earlier example of wielding a pencil, if you started with the pencil pointing straight up, then it could be rotated left and right about a vertical axis through the wrist, up and down about a horizontal axis, and twisted about a second horizontal axis at right angles to the first. Usually, a bout of wielding consists of motions that are combinations of the preceding rotations. Because a turning force factors into a force tangential to the rotational motion and a force normal or radial to the rotational motion, the resistance to rotation about an axis similarly factors into two parts. The part resisting the tangential force component is the moment of inertia about the axis, and the part resisting the normal or radial force component (the centripetal or "center-seeking" force) is called the product of inertia. As a result, six numbers are needed to quantify an object's rotational inertia about a fixed point. These six numbers define the inertia tensor (there are actually nine such numbers, composing a neat three by three table, but three of the numbers, related to the products, are redundant; see Figure 5 ). Solomon (1988) hypothesized that the inertia tensor, capturing the different resistances of an object to rotations in different directions, was the key to understanding the abilities of dynamic touch.
Eigenvectors and Eigenvalues
Typically, calculations of the inertia tensor are done with respect to a conveniently chosen coordinate system, like the one I just proposed for the pencil example. For each choice of coordinate system anchored at a point in the wrist, the six numbers making up the inertia tensor would change. Imagine that these numbers were calculated ~n the coordinate system previously described and then this coordinate system was simply rotated clockwise by 60 ° about the vertical axis and the numbers were calculated again. The new numbers and the old numbers would be different, as noted, but they would not be independent Note. When an object is wielded, the forces producing rotation, the torques {a), and the rotational motions measured in terms of angular displacement, velocity, and acceleration (b) vary during the time course of wielding. These time-dependent forces and motions are linked by the time-independent inertia tensor (c) of the object relative to its fixed rotation point, which will ordinarily be located in the wrist (d). The inertia tensor is an array of nine numbers that quantify an object's inertia or resistance, represented by the letter I, to having its rotational velocity changed in three-dimensional motion. The numbers on the diagonal of the array or matrix are the moments of inertia quantifying the resistances about the three axes of rotation. The numbers off the diagonal are the products of inertia quantifying the resistances in directions perpendicular to the rotation axes. The specific values of the nine numbers depend on the coordinate system defined at the fixed point, but there is a form of the tensor, consisting of only three numbers on the diagonal [eJ, that is coordinate-system independent. The three numbers are the principal moments of inertia or eigenvalues, and they are defined with respect to the three principal axes or eigenvectors, e. A geometric representation of the inertia tensor is provided by the ellipsoid of inertia {tl with axes in the directions of the eigenvectors. The distance from the ellipsoid's center to its surface in any direction is inversely proportional to the square root of lhe moment of inertia about the corresponding axis.
standing that the pencil's resistance to being wielded is independent of how one chooses to describe it. In fact, the inertia tensor about a fixed point of rotation can be put into a particular form that is always the same regardless of the coordinate systems at that point through which it is calculated. This invariant form consists of only moments of inertia (see Figure 5 ). These special moments are the maximal moment and minimal moment for all possible axes through the rotation point and a third moment that tends to be intermediate. They are called the principal moments, and they are defined with respect to three special, mutually perpendicular axes called the principal axes or principal directions. Essentially, the principal axes are determined by rotating the arbitrarily chosen rectangular coordinate system this way and that until an orientation of the axes is found for which the object mass lying within any quadrant multiplied by the product of its mean distances from the two axes comprising the quadrant is the same quantity for the adjacent quadrant sharing the same axes. The object then has a certain kind of balance because, for rotation about a principal axis, the resistance to the centripetal force in one direction is perfectly matched by the resistance to this force in the opposite direction. The products of inertia have disappeared. Because fiddling with the orientation of any initially chosen coordinate system would always end up with the same three principal axes and the same three maximum, minimum, and intermediate resistances to rotation about them, it is customary to use the prefix eigen (meaning characteristic) to name the axes and resistances. Thus, the principal axes or directions are called the eigenvectors, and the principal moments are called the eigenvalues.
My taking you through this brief overview of the changing and nonchanging aspects of the inertia tensor is not without substantial reward in regard to understanding dynamic touch. When you grasp and wield an object, there are an infinite number of coordinate systems for the object that could, in theory, be used to describe and measure the object. Which one should be chosen? What criteria should govern the choice? Fortunately, the neural mechanisms subserving dynamic touch are not required to make any such decisions. The eigenvectors of the inertia tensor comprise the only nonarbitrary coordinate system. They are physically determined by the object itself--specifically, by how the object's mass is distributed relative to the rotation point. They constitute an intrinsic reference frame. These considerations lead to the idea that the relevant mechanical invariants for dynamic touch must be the eigenvectors and eigenvalues of the inertia tensor.
Returning to length perception, one can now see that it is more aptly interpreted as a function of the inertia tensor and, in particular, the tensor's eigenvalues. The objects in the various experiments I have described tend to be axially or cylindrically symmetric, meaning that two of the eigenvalues (the largest and the intermediate, or the smallest and the intermediate) are indistinguishable, or very nearly so. It turns out that, for these axially symmetric objects, actual length increases with the largest eigenvalue and decreases with the smallest eigenvalue. In research conducted by see also Chan, 1995) , evidence that perceived length related similarly to the two eigenvalues was found, although the negative effect of the minor eigenvalue was statistically weak. Confirmation of a positive dependency on the major eigenvalue and a negative dependency on the minor eigenvalue was provided by Fitzpatrick, Carello, and Turvey (1994) , through experiments in which they used many different kinds of objects--solid cylinders that varied in radius, objects that were mixtures of cylinders of different materials and of different lengths and breadths, and objects that were selected from the basic geometrical solids (e.g., hemisphere, pyramid, cone, cube). Simply put, a person's impression of the length of a wielded but oc-cluded object grows with the magnitude of the major eigenvalue and shrinks with the magnitude of the minor eigenvalue. What of an object's width? How does perception of it vary? The answer is that perceived width shrinks with the major eigenvalue and grows with the minor eigenvalue, as recently demonstrated by Turvey, Burton, Amazeen, Butwill, and Carello (in press ). The perceptions of the different spatial dimensions of an object achieved by dynamic touch seem to be tied in different ways to the object's inertia tensor. This fact may be sufficient to support a crude type of shape perception. It is noteworthy that as the three eigenvalues become more nearly identical, the ellipsoid of inertia (see Figure 5 ) becomes more like a sphere; as the difference between the largest and the smallest eigenvalue grows, the ellipsoid of inertia becomes more like a very long and very thin cigar. Thus, the inertia ellipsoid, the geometric representation of the inertia tensor, can resemble an object's shape. Burton, Turvey, and Solomon (1990) found that if participants wielded an occluded geometric solid in one hand (by means of a small rod-like handle affixed to its base) and then selected the member of a visible set of such solids that seemed to fit the felt shape, they tended to make a correct selection far more often than chance.
Surprising Unambiguity
The research on wielding objects that I have described thus far permits two broad conclusions. First, sensitivity to rotational inertia underlies the spatial impressions people get from wielding objects. Second, dynamic touch cannot generally deliver a perception of extent that matches perfectly the extent of the object, although it can deliver a perception that is, so to speak, in the ballpark (see the caption for Figure 2 ). Because extent perception by dynamic touch proves to be a function of the inertia tensor, however, the perception that people do get is unambiguous. As the experiments reveal, when any particular object is grasped and wielded, the participant perceives a single length for that object--not many lengths and not even a few lengths. This unambiguity is perplexing because whereas the inertia tensor about a point of rotation is defined uniquely by the mass distribution of a given object, for any given inertia tensor there are very many objects, with very different spatial dimensions, that could have given rise to it. Speaking mathematically, getting to an object's length or width from its resistance to rotational acceleration is an ill-posed problem. It is as if someone gave you the number 7 and asked, "What two numbers were added together to get this number?" The fact that perceiving length from rotational inertia seems well posed from the vantage point of dynamic touch might mean that there are some noninertial features that a person uses to arrive at a unique solution. Perceptual theories often look beyond the stimulus to some form of internalized knowledge and unconscious inference in order to explain perceptual phenomena. Against this kind of explanation, however, are experimental results showing that perceived length is a function of the inertia tensor regardless of whether participants have foreknowledge of the shapes and range of lengths of the objects and whether there are correlations--that could be put to use inferentially--between object length and other tangible properties such as material composition (e.g., wood vs. steel), size of the hand's grasp, and weight (e.g., Fitzpatrick et al., 1994; .
Constancy of Perception
So far I have been considering a very limited type of interaction with handheld objects. The wielding has taken place only about the wrist, with all other joints immobile. Yet, in everyday dynamic touch, a handheld object is displaced by rotations that take place about a number of joints (wrist, elbow, shoulder, hip, ankle) . This commonplace fact would seem to pose a difficulty for my argument that the perceived length of an object is a function of its rotational inertia. As the distance from the rotation point increases, an object's inertia for rotation increases as the square of the distance (see Figure 3) . Consequently, a handheld object's rotational inertia is larger for wielding about the elbow than about the wrist, and it is larger for wielding about the shoulder than about the elbow, implying that the perceptions should be correspondingly larger. Retuming to the pencil, you can readily experience for yourself that wielding it about the different joints does not seem to produce a change of felt size. The pencil does not seem bigger when wielded about the shoulder than when wielded about the wrist. In constrast, the pencil's size is perceived to be constant rather than variable. A further problem arises because an ordinary act of wielding using the whole arm leads to distances of the object from the shoulder and elbow that change in time, meaning that the object's inertia tensors defined at these joints are time varying. How is it, then, that your perception of the length of the grasped pencil seems to be quite stable as you wield it freely through movements of the whole arm, movements that carry the pencil between its closest and farthest distances from the shoulder and elbow? The solutions to both of the preceding problems may well be the same. The distance of a grasped object from the rotation point in the wrist is constant and so is the object's inertia tensor defined at the wrist. Neither varies with the number of joints used to wield the object nor with time. Pagano, Fitzpatrick, and Turvey (1993) tested and confirmed the notion that in free wielding, and in wielding singly about the shoulder and elbow, perception is exactly the same as it is in wielding only about the wrist. In all cases, the object's inertia tensor about the wrist dictated the object's perceived length (see Figure 6 ).
The time-varying forces on the body's tissues during free wielding are very complex, as are the accompanying tissue distortions and patterns of neural activity flowing to and from the brain. In the face of all this complexity, the sensitivity of dynamic touch to the constant inertia tensor at the wrist paints a picture of a nervous system that is remarkably able to tune into invariants in the fluxes of mechanical energy and neural signals. Perhaps dynamic touch can shed light on perceptual achievements that have historically resisted explanation when approached
Figure 6
Three Tensors Note. Unrestricted wielding is ordinarily the case, involving rotations about one or more of the arm's joints. A handheld rod's inertia tensors l/w, Io, I,) defined about the elbow (e) and the shoulder (s) are time-dependent (tl, meaning that they change during the act of wielding. In contrast, the rod's inertia tensor defined about the wrist (w) is constant during wielding. Experiments show that wielding only about the wrist and wielding freely about all joints produce the same perception and that this perception is a function of the tensor defined about the wrist.
through the more popular senses (scientifically speaking) of seeing and hearing. Size constancy is an ancient and essentially unsolved problem in the psychology of perception. It is commonly posed visually: How can people see that an object is of the same size when they change their viewing distance relative to the object? The problem is thought to be created by a mismatch between the size of the object and the size of something else that the perceiver uses in order to perceive the object. The something else is the retinal image. As an object recedes, its retinal image shrinks. The most common solution supposes a mental computation in Which perceived image size is multiplied by a perceptual measure of distance to obtain the object's actual size (e.g., Epstein, 1982; Kilpatrick & Ittleson, 1953) . Many years of experimentation have found that visual size constancy is inexact, becoming worse with increasing distance. One might guess that this deterioration with distance arises because of a worsening perceptual estimate of distance, but visually perceived size has been found to correlate weakly, if at all, with independent estimates of visually perceived distance. It seems that the two perceptions relate to actual distance but not to each other in any regular way. One can again take note of the alternative interpretation to be found in Gibson's (1950 Gibson's ( , 1979 ) perceptual theory; namely, visually perceived size is a function of an invariant of optical flux. In Gibson's view, there is no perceptual representation of size correlated with the object's retinal size, and there is no causal link between perceived size and perceived distance, which is itself a function of a particular invariant. The outcome of the free-wielding experiment on length perception by dynamic touch I just described is in agreement with Gibson's claim that an invariant underlies size constancy.
Weight, Size, and Illusion
Particularly prominent among those impressions one gets from simply wielding an isolated object is how heavy the object feels. It is customary to say that one perceives the object's weight, but one's actions are not usually those of holding the object and feeling how much it pulls down on the arm. Technically, weight refers to the force with which an object is pulled earthward. What people do more commonly is heft, carry, or wield the object so that their impression is more accurately described as one of how easy or hard it is to move the object. The statement of the first quantitative law in psychology, by Ernst Weber (1834 /1978 , was based on investigations of perceived heaviness. Weber sought to determine the smallest difference between weights--the just noticeable difference--that a person could discriminate. His participants lifted a standard weight and a comparison weight and simply reported whether one felt heavier than the other. He discovered that the just noticeable difference between any two hefted weights was a constant ratio, 1:40, of the standard weight. Weber saw this remarkable fact as an instance of a general law linking physical states to mental states. The upshot was a new discipline, psychophysics, and a fundamental shift by the middle of the 19th century in the subject matter of psychology.
Apparently, Weber (1834 Weber ( /1978 was inclined to the view that perceived heaviness was a function of the size and mass of an object, not its weight. To him, it seemed that the relevant sensations were those caused by the amount of pressure on the skin (imagine a brass weight resting in the palm) and the resistance to muscular effort (as the brass weight is raised and lowered by rotational motions about the joints). A perceptual phenomenon discovered by Charpentier in 1891 seemed to confirm Weber's impressions: Larger objects of the same weight are perceived as lighter (see Figure 7 ). This phenomenon, commonly referred to as the size-weight illusion, has been interpreted over the years to mean that an independent perception of size affects the perception of weight, or that the brain's force commands (needed to move an object) are used in a mental procedure that reveals a mismatch between the forces expected to be appropriate (generated on the basis of perceived size) and those that are actually needed. Neither of the preceding explanations, however, attempts to address the complexity of the size-weight illusion, expressed by unique functions for each particular combination of weight and size (Figure 7) , and they often fail as accounts of what might be referred to as normal weight perception. Most dramatically, these explanations in terms of mental mechanisms that combine percepts or correct false expectations are very different from the understanding that the perceptions one gets through dynamic touch are unique functions of mechanical stimulation. Amazeen and Turvey (1996) felt that the major facts of perceived heaviness--that it is enhanced by wielding and hefting, is affected by both object mass and its distribution, and is dependent in intricate ways on variations in the magnitude of mass and its distribution--could be satisfied only by the inertia tensor.
In the experiments Amazeen and Turvey (1996) conducted to test their hypothesis, they used a conventional procedure of having participants assign a number above or below 10 to code the perceived heaviness of an object relative to a standard object that was a "10." The objects were rods that the participants held at one end and wielded out of view, with the standard rod wielded every sixth trial. They found that participants assigned a number to a wielded rod according to its rotational inertia and not according to its weight. For rods of the same weight, the larger a rod's rotational inertia was, the bigger the number assigned to it was. Given this evidence of a relation between perceived heaviness and an object's inertia tensor, Amazeen posed the question of whether the size-weight illusion is also predictable from the inertia tensor. On computing the tensors for the objects used in published studies of the illusion (e.g., J. C. Stevens & Rubin, 1970) , he made two important discoveries. First, 99% of the variance in the reported weight judgments could be predicted from the variations in the three eigenvalues. Second, the sets of experimental objects that systematically increased in size but remained equal in weight--the ones that yielded the pattern of weight judgments defining the illusion--exhibited a particular pattern of change in the relation among the three eigenvalues. Specifically, the major (I~) and intermediate (12) eigenvalues were aplaroximately identical and unchanging over the set of objects, but the minor eigenvalue (13) changed, becoming increasingly similar to the other two as the size of the objects became larger (Figure 7 ). Amazeen and Turvey conjectured that if a series of objects of constant weight and size could be constructed to simulate this pattern of eigenvalues, then the weight judgments given to these objects should conform to that typifying the sizeweight illusion. They created a "tensor object" to achieve the desired simulation (Figure 7 ). It consisted of two rods forming a cross with arms of equal lengths, with a third rod perpendicular to the plane of the cross and affixed to the cross at its center. Metal rings weighing particular amounts were then positioned at particular places on the tensor object so as to produce a particular relation among the three eigenvalues. A number of these tensor objects were constructed that conformed, as a set, to the patterning of eigenvalues commonly found in the experimental stimuli used to demonstrate the size-weight illusion. In one experiment conducted with this set, the individual tensor objects were wielded behind a curtain. In another experiment, the individual tensor objects were wielded in view. The objects in this latter experiment, however, were covered with paper to occlude the rods and to obscure the differences across the objects in the positions of the metal rings. The paper covering made the sameness of the tensor objects in linear dimensions and volume visually apparent. The results of the two experiments were identical: Perceived heaviness for the tensor objects of equal mass and volume decreased with increases in the minor eigenvalue relative to constant major and intermediate eigenvalues. When other tensor objects were constructed and ordered such that all three eigenvalues increased systematically and in parallel, mimicking objects that increased in weight independently of size, then perceived heaviness increased correspondingly, mimicking the typical experimental result for such objects. In sum, what Amazeen and Turvey found was that perceived heaviness both within and outside the conditions customarily used to produce the so-called sizeweight illusion was one and the same function of the inertia tensor.
One saw above how dynamic touch may be illuminating with respect to the classical problem of size constancy. One can now see that it may be similarly illuminating with respect to another classical problem in the theory of perception, that of illusions. It is commonly argued that illusions inform about mechanisms of perception. The experiments just reported on the size-weight illusion, however, suggest that illusions may be telling more about the scientific investigation of perception than about perception itself. One rarely knows with full confidence the physical quantities of relevance to the achievements of a perceptual system. Philosophers might say that what one does not know are the "natural kinds"--the properties in terms of which the system's lawfulness is expressed. To the extent that knowledge of the relevant quantities is incomplete or erroneous, it becomes necessary to introduce special mechanisms to account for the experimental observations. Behind the ascription of "size-weight illusion" to a pattern of experimental data is the assumption that weight and size are the relevant physical quantities. The illusion is then seen in the fact that the same weight is perceived differently, depending on size, and a special inferential mechanism is introduced to accommodate this observation. The discovery that the inertia tensor is the relevant physical quantity--that perceived heaviness of an object relates uniquely to its inertia tensor--undercuts the illusion logic. With the relevant quantity correctly identified, a recalcitrant illusion becomes a simple function. On the general hypothesis that perception is specific to stimulation, Gibson (1959 Gibson ( , 1960 ) saw failure to find specificity (i.e., failure to find a function) as evidence that the quantities deemed to be relevant were not right and as reason to scout for different physical quantities, possibly ones not yet identified by physical theory. Gibson's strategy was at work in the investigations of the size-weight illusion that I have just described. One might wonder whether the interpretations of other standard illusions would undergo significant revision following a thorough application of his strategy.
Hand-Object Relations
When I first introduced the examples of wielding a pencil and a small book, I remarked that one seems to have good impressions of how an object is oriented relative to the hand and how the hand is oriented relative to an
F|gure $ Object Orientation
Note. Perceived orientation can be studied by having a participant wield an occluded L-shaped rod and adjust o visible pointer to coincide with the felt direction of the branch of the L-shaped rod relative to the hand, as shown in Panel a. Judgments were made with respect to a base hand-obiect configuration in which the thumb was on top of the stem, parallel to the stem's longitudinal axis, which, in turn, was parallel to the ground. Experiments show that participants' perception of the branch's direction closely matches its actual direction (Panel b). In experiments with rods that hod two branches, participants attempted to perceive the direction of the heavier branch (triangles in the diogram). When perceived direction was mapped onto spatial direction relative to the hand, two functions resulted, depending on whether the weighted branch was leftward or rightward of the thumb, as shown in Panel c. However, as Panel d shows, when perceived direction was mapped onto the direction of the inertia ellipsoid's longitudinal axis (the eigenvector e3; see Figure 5 ), only a single function was obtained, deg = degree.
object (e.g., whether the pencil is held at its middle or close to an end). That is, one has impressions of directions as well as magnitudes. Turvey, Burton, Pagano, Solomon, and Runeson (1992) hypothesized that these particular directional perceptions are specific to the eigenvectors of a handheld object's inertia tensor. The inertia ellipsoid, which represents geometrically the mean distribution of the object's mass with respect to the fixed rotation point, provides a useful characterization of the hypothesis. As identified earlier, the ellipsoid's three mutually perpendicular axes are in the directions of the eigenvectors, with lengths determined by the eigenvalues (the minimal and maximal eigenvalues determine the lengths of the longest and shortest axes, respectively, and the intermediate eigenvalue determines the length of the remaining axis). Accordingly, the hypothesis is that perceived directional relations between hand and object are specific to the inertia ellipsoid's orientation to the hand (see Figure 5f ).
The initial experiments were intended to show that, as the moments and products of inertia changed with different orientations of an object relative to the hand, a person's perception of the object's orientation changed in correlated fashion. The objects used for this purpose were two rods connected to form an L (see Figure 8) . The stem of an L-shaped object can be placed in the hand such that its branch can be oriented at any angle between 0 ° and 360 °. In a typical experiment, branch direction was varied from trial to trial, and participants' judgments of the branch's direction were reported by having them rotate a visible pointer on an un-marked circular dial to correspond with the perceived direction of the branch (Figure 8 ). Participants' nonvisual perceptions of branch orientations tracked actual orientations, and they did so in the same way for L-shaped rods with large branches and for L-shaped rods with small branches. L-shaped rods of different sizes but at the same orientation were perceived at the same orientation.
For L-shaped objects, there is a confounding of spatial orientation and eigenvectors. The longitudinal axis of the inertia ellipsoid of an L-shaped object points at the longitudinal axis of the branch. To circumvent this confounding, Pagano and Turvey (1992) constructed objects consisting of a short stem (30 cm) and two short branches (11 cm each) forming a V perpendicular to the stem. They then attached a 9-g mass to one of the two branches. Consider two such " V objects," distinguished from each other only by the branch to which the mass is attached. Imagine each object placed in the hand and grasped at the end opposite to that of the V such that the stem is parallel to the ground plane and the bisector of the V (branches upward) is perpendicular to the ground plane. Obviously, the stem and branches of these two objects would occupy identical spatial coordinates. Their respective ellipsoids of inertia, however, would not. Where the ellipsoid of one object is tilted leftward of the hand, the ellipsoid of the other is tilted rightward. If perception of an object's orientation is tied to its eigenvectors, then the two objects, despite their spatial identity, should be perceived as being oriented differently. In one experiment, Pagano and Turvey added the mass to the more clockwise branch, to the more counterclockwise branch, or to neither branch. Participants wielded the occluded objects to perceive the Vorientation and reported their perceptions by adjusting two rotatable pointers, one for each branch. Pagano and Turvey predicted from calculations of the eigenvectors that when the more clockwise branch was weighted, the perceived orientation of the V (defined by the bisector of the two pointers used for perceptual reports) would be more clockwise by 20 ° , and when the more counterclockwise branch was weighted, the perceived orientation of the Vwould be more counterclockwise by 20 ° . These predictions were confirmed. Perceived orientation of the V was a simple linear function of the direction of the longitudinal axis of the inertia ellipsoid. Figure 8 depicts a similar experiment with the same outcome.
In the experiments I just described, the experimenters' concern was with the nonvisual perception of the orientation of an object to the hand. The complementary nonvisual perception of the hand's orientation to the object should, as noted, be similarly dependent on the direction of the inertia ellipsoid. The experiments schematized in Figure 9 showed that this is indeed the case (Pagano, Kinsella-Shaw, Cassidy, & Turvey, 1994) .
Directions of the Body
A simple summary of these investigations of dynamic touch is that the inertia tensor defined at a rotation point in the wrist seems to support two sets of perceptual func-
Figure 9
Grasp Position
Note. Perceived hand position can be studied using a procedure in which a rod is placed into the participant's occluded hand at a preselected position along the rod's length, with the participant then wielding the rod in an attempt to perceive where the hand was placed (Panel e). The direction of the inertia tensor's eigenvectors varies directly with hand position on a homogeneous rod (Panel b) . When the rod is mode inhomogeneous by adding a metal ring, the relation between hand position and eigenvectors is changed (Panel ck Experiments show that perceived hand position is a function of the eigenvector ea (see Figure 5 ) defining the direction of the inertia ellipsoid's longitudinal axis (Panel d}. deg = degree.
tions. One set is based in the tensor's eigenvalues and has to do with the perception of magnitudes such as the length, width, and heaviness of an object. The other set is based in the tensor's eigenvectors and has to do with the perception of directions such as the orientation of an object to the hand and of the hand to an object. I now pursue the idea that this understanding of dynamic touch with respect to perceiving magnitudes and directions associated with handheld objects may extend to the perception of the body itself. To see why I might be so inspired, let me ask you to take hold of that pencil once again, but this time, as you wield it through motions about the wrist with your eyes closed, move your other hand in similar fashion with the index finger extended. There is a striking similarity between your perceptual awareness of their spatial limits, the tip of the pencil and the tip of the index finger. This striking similarity may be because extensions of the body (e.g., a pencil or a bat) and segments of the body (e.g., an index finger or an arm) abide by one and the same rotational dynamics and are perceived by means of one and the same perceptual subsystem, namely, dynamic touch.
The segments of the body are basically cylindrical in design, not unlike the objects used in the various experiments reviewed in this article. Roughly speaking, the cylindrical body segments consist of a hierarchy--the movement of any one segment is a movement relative to the adjacent segment inward (e.g., movement of the forearm at the elbow relative to the upper arm). Moving down the hierarchy, the resistance to change in velocity decreases as the segments decrease in mass and length. The disposition of the body at any point in time, therefore, can be characterized as a tree-like or branching space of inertia ellipsoids defined about respective rotation points in the joints. This characterization leads to the hypothesis that the dimensions and directions of the body's segments could be known through dynamic touch's sensitivity to the inertial eigenvalues and eigenvectors. Pagano and Turvey (1995) sought to manipulate perception of the arm's direction by manipulating its eigenvectors in the same manner as that shown in Figure  10 . They posed their first experimental question in the following manner: When a person points with an occluded arm, does he or she point with the arm's inertia ellipsoid? That is, for a visible target at a certain position, is the nonvisible pointing arm displaced from the target by an amount equal to the degree that the inertia ellipsoid is tilted from the arm's long axis? On a trial, one of three visible markers at shoulder height and at arm's length was designated as the target. The arm plus splint was hidden by a board at shoulder height that extended, parallel to the ground, from the shoulders to the target. Beneath the board, the participant moved the arm about freely with the one restriction of keeping the cross-piece horizontal and then, on a signal, moved the arm as rapidly as possible so as to align it with the target. Pagano and Turvey found that participants misaligned the arm by an amount very close to the degree to which the longest eigenvector from the arm's long axis had been rotated. In short, the participants pointed with the arm's inertia ellipsoid (see Figure 10 ). This disposition persisted even when participants performed the aiming task repeatedly for 40 min, suggesting that if there is any adaptation to the new orientation of the limb's inertial ellipsoid, it does not occur quickly.
A second experimental question, addressed by Pagano, Garrett, and , had to do with aligning one forearm with the other: Is the alignment in terms of the angles at the elbows or is it in terms of the inertia ellipsoids? Behind this question is the observation that nonvisual perception of the elbow's position seems to reflect forearm orientation more so than elbow angle. Soechting (1982) asked participants to point their right arm at a target and then reproduce with their left arm either the right elbow joint angle or the orientation of the right forearm in space. Matching joint angle was more variable than matching limb orientation. Pagano et al. similarly used the simple matching procedure in which the perceived orientation of a limb segment is reproduced with the contralateral segment, as shown in Figure 10 . By the addition of masses to the cross-piece of the splint, the inertia ellipsoid of the target arm was rotated upward from the forearm's longitudinal axis by so many degrees, downward by so many degrees, or left unchanged. Asymmetric additions produced rotations, whereas symmetric additions (equal in weight to the asymmetric additions) did not. Consonant with Pagano and Turvey's (1995) findings from the experiments on pointing to a visual target with a nonvisible arm, these experiments on matching limb directions in the vertical plane solely by feel found that participants tended to orient the matching arm according to the tilt of the target arm's inertia ellipsoid.
A Need for Spinors
The various experiments I have described thus far suggest, therefore, that perceiving the body's segments and perceiving extensions of the body, such as tools and implements, may well be achieved by dynamic touch on the basis of the same physical quantities. There seems to be a marked disposition on the part of the nervous system anchored in the mechanoreceptors to capitalize on the laws of rotational dynamics. This is not surprising, perhaps, given the facts that the body is designed physically as a branching of cylinders that rotate about fixed points and that combinations of rotations bring about the displacements of limbs and handheld objects. If this disposition is as profound as it seems, then one can anticipate that explaining the achievements of dynamic touch will require the full repertoire of concepts needed to address physical rotations. Indeed, it does not take much to see the need to look beyond the inertia tensor. When you grasp your pencil at some place intermediate between its ends, say about one third of the way along, and wield it without looking in the manner to which you have now become accustomed, you may note that you can attend to the segment of the pencil above your hand or to the segment below and get rather distinct impressions of their respective lengths. The problem posed by an ability to perceive selectively the lengths of the two segments of the pencil is that it cannot be expressed as a function of the inertia tensor. What the inertia tensor captures is a physical configuration relative to a rotation point. Obviously, the pencil's configuration was exactly the same when you attended to the part above your grasp and when you attended to the part below your grasp. The pencil's eigenvalues, eigenvectors, and inertia ellipsoid were identical for your two different perceptions. In order to identify a function underlying your perceptions, to find the specificity expected by Gibson's (1979) theory, two different physical descriptions of the pencil's state are needed--one related to your perception of the segment above and one related to your perception of the segment below. What is needed seems most peculiar--two physical states for one physical configuration. Fortunately, this peculiarity is a fundamental feature of the theory of rotations. Vectors, or directed line segments, are well-known for their ability to represent physical quantities. They fail, however, with respect to the ordinary rotation, as shown in Figure 11 . At the core of the failure of vectors to represent rotations is that, whereas the sum of two vectors is indifferent to the order in which they are added, the sum of two rotations is not. The great 19th-century physicist, Sir William Rowland Hamilton, took up the challege of identifying a system of numbers that could successfully represent rotations and their combinations in three dimensions. He found that he could not obtain a closed algebraic system with three components and was led to consider four-component entities. On the evening of October 16, 1843, while walking with his wife along the Royal Canal in Dublin, Ireland, the form of this fourdimensional system crystallized in his thoughts, and, with his knife, he carved it into the stone on Brougham (now called Broome) Bridge. Hamilton referred to the fourdimensional quantity by which he could now represent any rotation as a quaternion. Historically, quaternions have had a checkered life, mainly because of confusion arising from Hamilton's description of them as consisting of a scalar and a vector, where the vector was in fact a bivector, a directed plane not a directed line, and confusion arising from his interpretation of the angle that appears in a quaternion as the angle of rotation when it was in fact only half that angle. These confusions aside, quaternions express the physical properties of rotations in three-dimensional space. In today's terminology, Hamilton's quaternions are spinors. A spinor is most usefully discussed as an operation consisting of four components (a scalar corresponding to rotation angle and the three coefficients of the bivector) specifying a unique oriented rotation about an axis. Spinors have a peculiar property. There are actually two of them for each physical rotation. Whereas a spinor specifies a rotation in the right-handed sense about a particular axis through a particular number of degrees, say l0 °, its negative specifies the rotation with opposite sense through the complementary angle of 350 ° (see Figure 12 ). Another way of seeing that every spinor has its double is to simply take an object rotated in a plane by so many degrees and rotate it by 360 °. What happens is that the spinor representing the original rotation changes sign even though the 360 ° rotation was equivalent to no rotation at all because the object was in the exact same position in which it began. Now a vector is a quantity that, by definition, cannot change sign on rotation by 360 ° . If this were the case, physical analyses would become nonsensical. Accordingly, in the vector transformation law a vector is premultiplied by a spinor and postmultiplied by the inverse of the spinor. The sign changes associated with the spinor and its inverse cancel. Turvey, Carello, Fitzpatrick, Pagano, and Kadar (1996) conjectured that spinors are behind selective dynamic touch. The tilt of the inertia ellipsoid associated with your grasp of the pencil one third of the way along its length is, physically speaking, a rotation about a particular axis specified by a spinor. It can be called an attitude spinor, borrowing the term commonly used in aeronautics for how a plane is positioned or oriented in space. This attitude spinor means that the physical state of the pencil is, in fact, two-valued and not single-valued as is supposed when the pencil's description is limited to the inertia tensor. Readers who have heard of spinors will probably have heard about them only in quantum mechanics and may, therefore, be perplexed by a proposed application of spinors to biological systems. In recent years, however, it has become apparent through the efforts of physicists (e.g., Hestenes, 1986 ) that spinors ought to figure prominently in the formulations of classical mechanics. The idea of an attitude spinor for limbs and their attachments comes from Hestenes's (1994a Hestenes's ( , 1994b extension of spinor theory to the rotational dynamics of large and ordinary things, including the human movement system.
A reasonably straightforward examination of the spinor hypothesis of selective dynamic touch can be modeled after the pencil-wielding example, as shown in Figure 12 . Within this context, the spinor hypothesis gets stated in the following way: Given the two segments, one above and one below the hand, the positive version of the spinor constrains the perception of one of them, and the negative version of the spinor constrains the perception of the other. Here, the negative version of the four-component attitude spinor differs from the positive version only in its rotation angle and the sense of its rotation axis (see Figure 12) . The rotation angle distinction carries more weight. It reflects variations in rod length and the mass of the metal ring, which the sense of the rotation axis does not. Accordingly, Turvey et al.'s (1996) experimental expectation was that the perceived length of one segment should vary with 0 (the rotation angle of the inertia ellipsoid) and the perceived length of the other segment should vary with O's complementary angle, the angle obtained by subtracting 0 from 360 °. The complete form of the experimental prediction, however, had to also involve the inertia tensor. After all, participants were being asked to perceive extents, and as we have come to understand, perceived extent is a function of the tensor's eigenvalues. Turvey et al. predicted, therefore , that selectively perceiving the length of a segment, that is, perceiving an extent in a particular direction, would be a function of a quantity composed from the tensor and the spinor. More exactly, they predicted that the major eigenvalue and 0 would determine the selective perception of one segment and that the major eigenvalue and 0's complement would determine the selective perception of the other segment. I must underscore, however, that it is the inclusion of the attitude spinor that led Turvey et al. to expect the generalization of the selective ability you expressed in wielding the pencil. When the segment above and the segment below the hand are different, the two versions of the spinor (say, positive for above and negative for below) are different, meaning that the segments can be perceived differently. When the segment above is then the segment below (the pencil or rod has been inverted), the two versions of the spinor are identical, meaning that the segment, when attended to above, can be perceived identically to when it is attended to below. The simple experiment modeled after the pencil-wielding example confirmed these various expectations. Length differences and length identities were perceived as such, and 97% of the variance in the perception of the lengths of the segments was predictable from the quantity composed from the tensor and the spinor.
Selective dynamic touch is a fairly remarkable, if often unnoticed, capability. For example, when an object is probed with a handheld stick, one can attend independently to the length of the probe and to the distance of the object probed (Carello, Fitzpatrick, & Turvey, 1992; Chan& Turvey, 1991) . As a further example, you may frequently find yourself in situations where you must grasp and wield manually two or more objects, or a single object with two branches (see Figure 12 ). In these situations you seem to have, without looking and without feeling with the other hand, separate impressions of the two objects or two branches. Indeed, it was experiments into this kind of selective dynamic touch that led Turvey et al. (1996) to think in terms of spinors. They created physical configurations that consisted essentially of two rods held in the hand forming a V, with the thumb splitting the V. They observed that participants could perceive rather accurately the length of either rod and perceived a rod to have the same length whether it was the rightward or the leftward member of the pair. When Turvey et al. examined the dependencies of these perceptions on the inertia tensor, they found that they could make perfect sense of the data if they allowed the products of inertia conveniently to switch sign with attention. For example, if the products of inertia were positive for attending right, then they made them negative for attending left, and vice versa. Basically, what they were confronting was the need for a legitimate physical quantity that came in two versions differing by a factor of-1. It is this need that is satisfied by the spinor theory of rotations. Although a complete theory of the selective perception occurring within wielding is a long way off (see also Carello, Santana, & Burton; Solomon, Turvey, & Burton, 1989a; Turvey & Carello, 1995) , it does seem evident at this stage that spinors must play an essential role.
Directions to Be Taken, Lessons to Be Learned
Where might research on dynamic touch proceed from this point? A number of familiar and unfamiliar paths are clearly there to be taken. The fact that the perceptual functions based in the inertia tensor tend to be power functions (straight lines in double logarithmic coordinates) calls to mind S. S. Stevens's (1962) persistent belief that perceived magnitude follows a simple power law. Just as his psychophysical power law came under careful scrutiny, so must the present observations suggesting that equal ratios of rotational inertia correspond to equal ratios of perceived object dimensions (e.g., length and width). Typical questions will concern the consistency of the power functions over time (day-to-day observations on the same individual) and in the face of contextual variations (composition and range of stimuli). Relatedly, it should be asked whether the inertia tensor lawfully constrains the perceptions obtained from wielding by individuals with peripheral neuropathy who lack cutaneous touch, joint sense, and feelings of muscular force (Cole, 1995; Cole & Paillard, 1995) and whether the power functions differ for people who have lived without vision. Of a less prosaic nature are the unfamiliar issues of how dynamic touch coordinates with other forms of touch (e.g., those underpinning the grasping of objects; Johansson & Westling, 1990) , how it contributes to the control of movements, how perception of a wielded object is kept distinct from perception of the wielding limb, and so on. On the broader theoretical side, the classical dynamics of Newton, Euler, and Hamilton, which have provided the tools for the investigations thus far, must be carried further--into the deformation of muscular tissue (to identify the corresponding strain tensor) and into a truly coordinate-free (spinor-based) analysis of the body and its perceptual control. In addition, these classical dynamics must be supplemented by the newer nonlinear dynamics of Poincar6, Andronov, and Smale. The latter dynamics promise insight into the specific deterministic and stochastic aspects of the exploratory behavior (the wielding) that reveals the relevant physical quantities together with ways of understanding the stability properties of the resultant perceptions (Kelso, 1995; Turvey, 1990) . They also promise insight into dynamic touch's power functions. As indicators of systems whose components function together in the same way with the same effect at all scales, power functions evoke ideas of self-organization, cooperative phenomena, and fractals (e.g., Schroeder, 1991) . The perceptual self-similarity of twiddling pencils and swinging baseball bats is possibly profound.
In summary, the perceptual phenomena described in this article promote an image of muscles as "smart instruments," registering invariants of rotational dynamics that connect physically to the spatial dimensions and other properties of the body and its attachments. The sentient nature of muscles was recognized in the 16th century, but it was Sir Charles Bell who provided the first major discussion in 1826 (as cited in Boring, 1942) . He hypothesized that muscle must consist of sensory as well as motor fibers and that these muscular sensory fibers are the basis for experiencing the postures and motions of the body and loads on the body, as when an object is supported. By the end of the 19th century the sensing elements of muscle were known and their measurement ability sufficiently understood to encourage the likes of Ruffini (1897), a major figure in sensory physiology, to make favorable comparisons with the receptors of the eye and the ear. There was not, however, anything like the same encouragement for comparing the functional achievements of the "muscle sense" with those of vision and audition. From early in the last century to the present day, key developments in the psychology and physiology of space perception have been led, not surprisingly, by the study of vision, with the contributions from audition a distant second. The spatial achievements of dynamic touch, such as those I have covered in this article, have rarely, if ever, entered the discourse. Perhaps it is now time to let them in. They do seem to have some interesting lessons to teach.
